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SECTION I

Introduction and Summary

This document reports on the results of a study with a two-fold purpose. The
first objective was to evaluate the postlaunch radiometric calibration of the
Landsat Thematic Mapper (TM) band 6 data., The second objective was to determine
to what extent surface temperatures could be computed from the TM band 6 data
using atmospheric propagation models. To accomplish this, ground truth data were
compared to a single TM-4 band 6 data set. This comparison indicated satisfactory
agreement over a narrow temperature range. However, systematic errors were
apparent which could not be adequately evaluated using only the available ground
truth data. Subsequently thermal infrared line scanner missions were flown under
the satellite on 6/22/1984, 10/6/1984 and 5/24/85 in the vicinity of Rochester,
NY. The underflight data permit direct measurement of surface temperature over
large areas for direct correlation with the spacecraft data. In addition, the
underflight data can be used to measure atmospheric effects for comparison to the

atmospheric propagation models.

The atmospheric propagation model (moditied LOWTRAN 5A) was used to predict
surface temperature values based on the radiance at the spacecraft. The aircraft
data were calibrated using a multi-altitude profile calibration technique which
had been extensively tested in previous studies. This aircraft calibration
permitted measurement of surface temperatures based on the radiance reaching the
aircraft, When these temperature values are evaluated, an error in the
satellite's ability to predict surface temperatures can be estimated. This study
indicated that by carefully accounting for various sensor calibration and
atmospheric propagation effects, the expected error (1l standard deviation) in
surface temperature would be 0.90°K. This assumes no error in surface emissivity

and no sampling error due to target location.

These results indicate that the satellite calibration is within nominal Llimits
to within this study's ability to measure error. There is some minor concern that
the apparent gain of the system may be higher than the nominal values, however,

those errors are smaller than detectable by this method.

In addition to the definition and testing of the calibration method a procedure
tor generation of surface temperature images has been identified and demonstrated.

This method uses the radiometric calibration and atmospheric propagation methods



coupled with emissivity lookup tables accessed by land cover to compute blackbody
equivalent surface radiance or the corresponding kinetic temperature. The land
cover type can be derived by multispectral classification of the short wavelength
spectral channels on the TM. The resultant "temperature" images can be ceadily
interpreted as they appear to have higher resolution than the originals. While
this is only an artifact of the processing, it can improve interpretation and
temperature values can be directly evaluated from the images for targets

significantly larger than the TM~6 projected pixel size.



SECTION 11
Technical Approach
This Section contains a review of the relevant literature and a discussion of the
radiometry governing calibration of satellite systems. Based on this background,
the approaches used for collection and analysis of the satellite, aerial and
surface truth data are presented.

2.A Literature Review

The data From the thermal infrared channel (Band 6) aboard the thematic mapper
represents the highest spatial resolution thermal information yet available from
space. The radiometric response function of the thermal sensor had to be
carefully evaluated after launch to permit proper interpretation of these unique
data. Probably the most generally accepted method for processing radiometric data
from space is to correct the observed radiance or apparent temperature to a
surface radiance or temperature value using atmospheric propagation models. For
example, using radiosonde data from the study area at the time of an overpass the
atmospheric transmission and path radiance terms ( tand Lu) can be computed using
AFCRL”s LOWTRAN code (Selby, et al. 1978). These terms can be used to compute the

surface radiance from
LT a (L - Lu)/T' (2.A-1)

where; L is the observed radiance and LT is the surface radiance which can be

associated with an equivalent blackbody temperature (T).

As part of NASA”s Heat Capacity Mapping Mission (HCMM) experiment atmospheric
propagation models were used in reverse in an attempt to evaluate the post launch
radiometric response of the Heat Capacity Mapping Radiometer (HCMR). Bohse et al.
1979, describe how surface radiometric readings were used in conjunction with
radiosonde data to predict the radiance at the top of the atmosphere using
atmospheric propagation models. Surface data taken with a point radiometer

viewing a lake were averaged to define L. and the atmospheric propagation models

were used to define T and Lu at the timeTof the satellite overpass. Therefore,
the radiance observed by the spacecraft sensor L” and the radiance calculated from
the model (L = TLT + Lu) should be identical. 1In fact for the five dates studied,
the difference in observed and predicted values ranged from 4.15 to 6.14°C with an
average difference of 5.24°C (radiance values have been converted to equivalent

blackbody temperatures).,



As a result of these analyses, NASA offset the prelaunch calibration values for
the sensor by -5.5°C and applied this offset to all standard HCMM products (c.f,
HCMM users guide). It should be noted that these single point readings provide

almost no data on system gain and all error had to be attributed to bias.

This offset was based on the assumption that the sensor response and/or the
calibration standard had somehow changed since the prelaunch calibration.
Subsequent studies five months later conducted in an identical fashion indicated
that the offset should be moved back toward the original value by 3.3 to 7.7%
(Subbarayudu 1979). This would essentially nullify the original offset. If we
accept the initial premise of a shift in the HCMR response function, we must now
speculate on the possibility of long term drift in the sensor calibration. An
alternative and perhaps more acceptable hypothesis is that the atmospheric
propagation models are inadequate and part or all of the variance is associated

with changes in the atmosphere insufficiently accounted for by the models.

Whether the sensor or the models were at fault - the fact remains that - the
radiometric calibration of the data was seriously in question. To minimize this
type of concern regarding the thermal data from Landsat 4 and 5, the radiometric
response function of the sensor was carefully evaluated after launch using
reliable experimental data. Since nearly all users have a requirement for surface
radiance data, it was also essential that the atmospheric propagation models be
more carefully evaluated and refined as preprocessing algorithms. Without
reliable atmospheric propagation models, costly field experiments would be

required as part of each image analysis effort.

The preliminary analysis of TM band 6 data also further emphasized the need
for more detailed assessment of post launch calibration and refinement of
atmospheric propagation models. Malaret et al. 1985 report observing nearly the
same apparent temperature range at the satellite as observed on the ground.
Similar results were reported by Wukelic et al. 1975. Wukelic goes on to report
that use of the atmospheric propagation model tended to degrade the correlation
between satellite predicted temperature and surface temperature. These data tend
to indicate that either the atmosphere is exhibiting negligible attenuation or
that the sensors post launch gain had somehow increased and that this increase had
not been accounted for during internal calibration. While atmospheric
transmission is difficult to know exactly, general patterns are well defined and

transmissions of the order of 0.75 to 0.90 might be expected. Transmission values

4




in this range make the results reported by these investigators unlikely. The
problems of atmospheric propagation models, adequate ground truth and post launch
calibration must all be addressed in order to properly assess Landsat TM band 6
data. We should point out that the surface temperatures used for the previously
sited analyses are all point samples generally taken as grab samples which may not
adequtely represent surface temperatures over large regions (e.g. the
approximately 57,600m2 region of uniform temperature necessary for good TM6 ground
truth). In order to adequately address some of these questions, we need to
consider the work done on atmospheric modeling, measurement of atmospheric

parameters and the potential for viable ground truth assessment.

Schott 1979 (c.f. Appendix A) describes an empirical method for computation of
atmospheric transmission and upwelled path radiance. The method involves flying
an infrared line scanner at a series of altitudes over the same targets. The
method was demonstrated to permit measurement of water surface temperatures to
within 0.4K of actual surface temperatures in a series of blindfold tests. Schott
and Schimminger 1981 subsequently used this approach to calibrate NASA”s HCMM
longwave infrared (LWIR) satellite. In this study the aerial infrared imager was
flown in conjunction with a satellite overpass. The aerial data were calibrated
using the method of Schott 1979 and large regions of uniform temperature were
identified and measured. Because of the well documented accuracy of the aerial
calibration method, these regions could be used as calibration points for the
satellite. Satellite observed radiance values could then be converted to surface
temperatures using regression models of satellite radiance versus surface

radiance.

Subsequently Schott and Biegel 1983 and Byrunes and Schott 1986 utilized the
multiple altitude calibration method to compare empirically derived atmospheric
calibration parameters to those derived from the LOWIRAN model. They demonstrated
that the LOWTRAN 5A model could be evaluated using this approach and that for low
altitude work a modified version of LOWTRAN could be brought into reasonable
agreement with empirical studies. At higher altitudes some discrepancies still

exist requiring further refinement to the LOWITRAN model.

The study reported here was designed to draw on these previous efforts.
Underflight data were used to generate ground truth to calibrate the sensor,
LOWTRAN models and underflight data were compared to assess the feasibility of

calibrating the sensor to ground temperature using atmospheric propagation models.

5



Finally, the potential for using the reflected TM bands to assist in analysis of

thermal ™ data was evaluated.
2.8 Theoretical Background

This section will review the relevant TM baand 6 sensor characteristics aad the
radiation propagation physics relevant to the evaluation and calibration of the

LWIR sensor for earth surface temperature assessment.
2.B.1l Thematic Mapper

The Thematic Mapper”s operating principles and berformance are exteusively
discussed in Markham and Barker 1985 and Barker 1985. Only brief review of
relevant material related to ™ band 6 will be presented here. The TM optical
train is presented in Figure 2.B~1. The 170 yradian angular IFOV of the % mercury
cadmium teleride detectors projected onto the ground from the 705 km nominal
altitude yields a spot size of 120 meters. Four lines of data are collected by
the four sensors with each ocillation of the scan wmirror. Radiometric calibration
of the LWIR channel is accomplished during the scan mirror turn around time. A
shutter cycles into the optical train immediatély behind the the primary mirror.
The shutter is thermally controlled and is used to provide a reference radiance,
as well as for DC restoratioa. 1Ian addition, a small concave mirror on the shutter
surface reflects a thermally controlled blackbody into the detector field of view
for a brief period during each scan reversal. Thus, a two point radiance
calibration is acquired for each scan line. (A more detailed discussion of seansor
calibration is contained in Section 2.D). The spectral response of the LWIR
sensors is shown in Figure 2.B-2. Through internal calibration of the LWIR sensor
the within band radiance [wcm-zsr-ll or the effective mean spectral radiance
{wcm-zsr-lum—ll can be generated from the digital count recorded at each image
location. This is accomplished through a simple linear relationship between the
observed signals for the shutter and the blackbody with the known radiance values.
These signals are then linearly scaled to digital counts to set the minimum and

maximum digital counts at prescribed radiance levels.

Thus, in the discussions which follow we will assume the radiance reaching the
satellite sensor is known (i.e. can be determined from digital count) and proceed
with a discussion of what processes and parameters contribute to the radiance

reaching the sensor.
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2.B.2 Governing Equations

In this section we will describe the atmospheric propagation model used to
describe and simulate the radiance reaching both airborne and satellite LWIR
imaging sensors. Included in this section is a description of a model for
computation of atmospheric and target interaction effects on the radiance or
apparent temperature perceived by an airborne or satellite sensor. In additiom,
procedural methods to exercise the model and compare it to empirical data are

presented.

In the simplest case, let the radiance reaching a sensing platform be

L ='rd..T + Lu + rL (2.B-1)

p T
where 1t is the atmospheric transmission, € is the emissivity of the target, LT is
the blackbody radiance associated with the target”s kinetic temperature (T), r is

the reflectivity of the target, L  is the downwelled radiance from the hemisphere

D
above the target (note the implicit Lambertian assumptions) and Lu is the upwelled
radiance or path radiance reaching the sensor from the atmospheric path. Each
term in Equation 2.B-1 is wavelength dependent and governed by the spectral

bandpass of the sensing system. For example,
A2

Ly - 2he? {Sf (e"he/ART _jy=1 4 (2.B-2) »
Al

where h is Plank”s constant, c¢ is the speed of light, A is wavelength, XA, and AZ

1
are the spectral bandpass limits of the sensor, k is the Boltzmann constant, and T
is the kinetic temperature., Note that for convenience we have assumed that all of
the parameters in Equation 2.B-1 are slowly varying functions of wavelength so

that they can be taken outside the wavelength integral for small passbands.

Equation 2.B-1 (illustrated in Figure 2.B-3) can be expanded to explicitly
incorporate the dependence of the observed radiance on altitude (h) and view angle

{0). 1In this case
L (h,0) = 1(h,0) € (0) LT + Lu(h,e) + r(0) Ly t(h,0) (2.8-3)

The term r(®) should more properly be expressed as a scattering function

incorporating the contributions from each segment of the hemisphere above the

9



2.B-3 Energy Paths Reaching an Airborne or Satellite :
Sensing System
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target reflected into the acceptance angle of the sensor. However, because this
scattering function is undefined for most surfaces of interest, we have assumed
the surfaces are either perfectly diffuse, i.e., r(0®) = r(0) or that the
scattering function is independent of azimuth angle and only varies as a function
of view angle. These restrictions can easily be removed for surfaces whose
scattering functions are more fully defined with respect to azimuthal angles. To
implement a model described by Equation 2.B-3 each term on the right hand side
must be defined. Each term is treated separately in the discussion which follows

with the combined process illustrated in Figure 2.B-4.

The model described in more detail in Schott 1983 uses the LOWTRAN 5A computer
code to generate within band transmission values as a function of altitude over
the bandpass of interest. These values are derived within LOWTRAN from radiosonde
measurements of the atmospheric makeup (input to LOWTRAN) and stored data based on
empirical measurements that relate optical depth and hence transmission to the

atmospheric composition.

Rather than run LOWTRAN"s spectral computation for each sample, the bandpass
values for several altitudes are stored in the current model and interpolated in a
log linear fashion to any input altitude. The increase in optical depth due to
viewing along a slant path is computed by the present model and transmission
values are derived based on the LOWTRAN relationships between transmission and

optical depth.

The emissivity as a function of view angle must be stored as a data array in
the model for each object of interest. Unknown points are found as a function of
view angle by interpolation. For the data sets reported here, all viewing is
considered vertical so variation in emissivity with view angle can be neglected.
The reflectivity is obtained from the emissivity by employing Kirchoff”s rule
r(0) = 1 - £(0),

The blackbody equivalent radiance associated with a temperature T or the
apparent temperature associated with a radiance value is found by interpolation of
a radiance-temperature array generated by numerical integration of the Plank

equation (Equation 2.B-2).

The upwelled radiance at any angle (@) and altitude (h) is computed from

11
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Ly(r,0) = B Ly 1L =gy (hy0leey,0) (2.8-4)
where n is the number of homogeneous layers between the source and the sensor into
which the atmosphere is assumed to be divided (typically preselected at 20), i
defines the atmospheric layer considered, L.I.i is the radiance associated with the
mean temperature of the layer (Ti), (the mean temperature of the layer is found by
interpolation of the radiosonde altitude vs., temperature data which is included as
a data array), T (hi’e) is the transmission along the slant path through the ith
layer having vertical height hi = h/n, and Tj (hi,e) is the transmission along the
slant path from the top of the ith layer to the sensor. The term

[1 - Ti (hi,@)] can be thought of as the effective absorbtivity and therefore the
effective emissivity of the ith layer when it is treated as a blackbody. This is
the equivalent of assuming that the radiance scattered out of the layer is exactly
replaced in magnitude and direction by the radiance scattered into the layer.
Ben-Shalom et al., 1980 has suggested that this method represents an improvement
over the LOWIRAN method for computation of path radiance. Figure 2.B~5 represents
the process of summing the contributions from each layer in the atmosphere to

obtain the cumulative path radiance Lu(h,e).

The total downwelled radiance onto the target is computed from the
contribution from each element of solid angle above the target. The downwelled
radiance from any angle LD(@) is computed in a manner similar to that for upwelled
radiance except the path length is always to space rather than to the sensor
altitude. The irradiance on the target from the hemisphere above it can then be

expressed as
£, = fLD(e) cosod Q (2.3-5)

where the integral is on the solid angle ( over the hemisphere above the target.
It can be re—expressed in terms of an azimuth angle as shown in Figure 2.B-6 as
2m /o
Ep =S S. LD(O) cos O sin 0 d&d¢
$=0 “0=0
T
= 21rS'/2 LD(G)cosOsinede (2.B-6)
0=0
Assuming diffuse reflection from the surface the total downwelled radiance

reflected can be expressed as

13



2.B-5 Summation of the Contributions from each Laser in the

Atmosphere to Obtain the Cumulative Path Radiance

Reaching a Sensor
14




r(@)LD = r(9) ED/ﬂ | (2.8-7)

The model described here computes the angular contribution to downwelled radiance
LD (0) in a manner similar to that described for the upwelled contribution to path
radiance. A numerical integration of Equation 2.B-6 is then performed to arrive
at a value for the irradiance incident on each target. Alternately, if the target
is assumed to have purely specular reflection, the reflected radiance can be

expressed as r(0) Ly (@).

The reflectivity of the target is obtained by evaluating the emissivity vs.

view angle array for each target type, where r(g) = 1 -¢ (0).

To this point we have not included the sensor”s spectral response function.
This is done within the LOWTRAN code by cascading the sensor spectral response
function with the spectral radiance to yield a sensor weighted integrated radiance
corresponding to the radiance seunsed by the LWIR sensor, i.e,

Ao A2
L(h) = Lg(h) =g)‘ L)\(h)B)\dA/j)\ Byd A (2.8-8)
1 1
where L(h) = Lﬁ(h) is the sensor response weighted integrated radiance reaching
the sensor {the subscript B will be assumed in all future discussioas)

[wcm-zsr-ll.

Lx(h) is the spectral radiance reaching the sensor as couwputed by the LOWTRAN

_zsr-lum-l]

code incorporating the Ben-Shalom 1980 modification [wcm .

8y is the relative spectral responsivity of the seasor (Markham and Barker,

1985a) and A, and )\, are the passband limits of the sensor [um].

1 2

A method for computation of each parameter on the right hand side of Equation
2.B-3 has now been defined. To compute observed radiance at any altitude (AGL)
and view angle the following inputs are required: the kinetic temperature of the
surface, the emissivity of the surface as a function of view angle, the
atmospheric transmission as a function of altitude (from LOWIRAN) and the
atmospheric temperature as a function of altitude (from radiosonde data).
Conversely the temperature of any point viewed from altitude (h) at view angle {(0)

can be computed from its observed radiance.

15
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LD=( fn Lp(8) -COS6e - SINe df d@) 7

2.B-6 Integration of Downwelled Radiance
: 16



In the analysis which follows, this model was used to predict the radiance

reaching the aircraft or satellite seasors. In addition, it was used in reverse

to predict kinetic temperatures from observed radiance values.,
2.B.3 Underflight Calibration Methods

Empirical data were collected using an airborne infrared line scanner.
The scanner was filtered to limit the spectral bandpass to 8~l4um. (A narrow
rilter which attempted to match the TM sensor more precisely was also flown,
but the reduced pandpass introduced serious noise proolems). The use of an
internal blackbody calibration system permits measurement of the observed
radiance rfrom the image records. This process is illustrated in Figure 2.B-7.
This system permits measurement of the value L(h,0) in Equation 2.B-3 from

thermal images,

Schott (1979) described an empirical procedure that uses radiance values
observed at multiple altitudes over the same target to compute vaiues of 1 and

Lu' For convenience, vertical viewing is assumed reducing HEquation 2.B-3 to:
L;(h,0) =1 (h,0)L;(0,0) + L (h,0) (2.8-9)

where; Li(n,O) is the radiance observed vertically at altitude h for target i.
t(h,0) is the vertical transmission from the earth to the sensor.
Li(0,0) is the radiance a sensor at the surface would observe from the

. th .

i target (i.e. Li(0,0) = e(O)LTi + r(O)LD) .

Lu(h,o) is the upwelled vertical path radiance to the sensor at

alctitude h.

By observing an object's radiance at each of several atltitudes, a plot of
radiance vs altitude can be generated as shown in Figure 2.8-8. The value of
Li(0,0) can be found by extrapolating from the plot of Figure 2.B-8 to zero
altitude, By repeating this procedure for objects of differing radiance, it
is possible to establish a data set consisting of radiance observed at the
sensor altitude L(h,0) and radiance at the surface L(0,0). Linear regression
of Li(0,0) on Li(h,O) yields a slope equal to the atmospheric transmission
over the pandpass sensed and an intercept equal to the path radiance Lu(h,O).

The radiance from the surface for any view angle can then be computed siance

17
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Lu(h,e) Lu(h,O)sec<3* . (2.B-11)
It is also possible to compute the value of LD if an object such as water,

whose angular emissivity is known, is viewed at two angles., If this same

object is viewed at two distinct angles, then equation 2.B~3 can be solved by

substitution of LT leaving LD as the only unknown.,

Schott (1979) has demoustrated that this profile technique is quite
workable for removing atmospheric effects in the 8-14 ym spectral region., 1In
particular, blindfold tests conducted over several days yielded standard
errors of 0.4°C when predicted temperatures were compared with observed
kinetic temperature values. Because of this demounstrated accuracy, Schott's
multiple altitude technique for computing atmospheric transmission and path
radiance will be used as the standard for evaluating the values ootained by
LOWTRAN and for generating large area water temperature values or predicted

radiances,
2.C Experimental Design

The primary thrust of the experiment involved near simultaneous ground
truth and satellite data collection. On two occasions, once for TM4 and once
for TM5, water temepratures from grab samples were available from the Canada
Center for Inland Waters., However, the major source of ground truth data were
intended to be from LWIR scanner data obtained from simultaneous underflights
(c.f. Figure 2.C-1). These data were to be acquired over regions of the
lAaurentian great lakes where large areas of uniform temperature could pe
expected and where large thermal differences would occur, Water was
designated the ideal target because of its high thermal inertia. Figure 2.C-2
shows a TM6 full scene image of Lake Ontario when the spring thermal bar is

well developed. This is an ideal target because of the large thermal

*approximation valid for large t, i.e. for atmospheric windows and short path

lengths.
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2.C-2 TM Band 6 Full Scene Image Showing the Thermal Bar in
Lake Ontario
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differences and large regions of water at constant temperature. Realizing
that the thermal bar only lasts several weeks, subtle thermal differences and
the land water interface region were also accepted as target areas. The
underflights were scheduled at the same time as the satellite overpass with
flight lines at a series of altitudes perpendicular to the southern shoreline
of Lake Ontario. Figure 2.C-3 illustrates the coverage region of a typical
underflight. Also obtained at the time of the underflight were atmospheric
data from the nearest airport where radiosondes were released, as well as

local surface temperature, dew point and barometric pressure,

The surface truth data and underflight data were to be combined to
generate the full ground temperature set. These values were to be directly
compared to temperatures generated by analysis of the observed satellite
radiance and atmospheric propagation models. This would evaluate how well the
satellite system could predict surface temperatures. In addition, the surface
temperatures could be used to predict radiance at the spacecraft using the
propagation models and theoretical approach discussed in Section 2.B. These
radiances could be compared with satellite observed radiance to evaluate

spacecraft performance.

In addition, the ability to compute atmospheric propagation parameters
such as transmission and upwelled radiance was to be tested. By flying the
aerial LWIR system at a series of altitudes, the path radiance and
transmission could be computed after the method of Schott 1979, (c.f.
Appendix A) Analysis of LOWTRAN data indicated that the effective atmospheric
depth was of the order of 6-8 kilometers. It should, therefore, be possible
to measure the atmosphere's impact nearly to this limit and compare the
modeled values with empirical values as illustrated ia Figure 2.C-4, This
would permit an assessment of the errors associated with the LOWTRAN
propagation code. This is required to attempt to isolate errors in surface

temperatures predicted by the satellite or radiances observed by the satellite.

The experiment was also designed to empirically measure atmospheric
propagation parameters to the spacecraft in the TM band 6 spectral bandpass.
This is accomplished by computing the TM band 6 in band surface radiance
associated with surface temperature measured by the aircraft. If chese are
regressed against the surface radiance values observed by the TM band 6

sensor, the slope and intercept yield the atmospheric transmission and path

23
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radiance respectively according to equation 2.B-9 (N.B. this assumes the TM
band 6 calibration is correct). These empirically derived values can also be
compared to the values opotained in the TM pand 6 passband using the LOWTRAN

propagation model.

The next section describes the collection and analysis effort that

resulted from this experimental design.
2.D Data Coilection and Anaiysis

This section describes the iastrumentation and procedures used in
acquiring and processing the satellite, aircraft, radiosonde and ground truth

samples.
2.D.1 Dara Coliection

Table 2.D-1 contains a listing of the dates and types of data acquired on
this effort. The radiosonde data were all acquired at Buifalo, NY and the
surface meteorological data were acquired at Rochester, NY. The water surface
temperature values were obtained by the.CCIW as part of standard scheduled
cruises on the great lakes., These data were obtained as grab samples at
preselected locations over a several day period encompassing the satellite

overpass.

The aerial LWIR data were acquired with RIT's infrared scanning system
flown in a chartered Aztec C aircratr, The scanner has a 1 milliradion
instantaneous rfield of view (IFOV), and a total field of view of 1200. It is
operated with a thermally controlled blackbody and uses a point slope
calibration method requiring regular calibration of the syscem gain. The
systems 8-14 um spectral response function is shown in Figure 2.D-1. Data
were also collected using a narrower spectral filter matched to the satellite
response function, but the reduced signal level preciuded the use of these
data. The system writes photographic imagery while colliecting and employs a
FM tape recording syscem for bpackup. Figure 2.D-2 shows a schematic of the
data collection system. A sample image and the corresponding satellite

subscene are shown in Figuve 2.,D-3.

Appendix B contains flight logs and pertinent data used in che analytical
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etfort,
2.D.2 Satellite Data Analysis

The satellite data analysis consisted of identifying scene coordinates
corresponding to ground truth data, observing the digital count at that
location and converting the digital count to radiance within the bandpass.

All processing was done using CCT P tapes.

The scene coordinates were identified from latitude and longitude
information corresponding to each ground truth sample obtained from the CCIW,
Coordinate transforms were generated using well defined features on the
reflected channel images and assuming geometric registration between channels.
The validity of this assumption is documented oy Malaret et al. 1985. The
location of image coordinates for the underflight points was done using a 512
X 512 pixel, image subscene, incorporating the region imaged in the
uaderflight. By visual analysis of the aerial LWIR image and the TM band 6

image corresponding points were identified.
Once the points of interest were identified, digital count values were

obtained. These values were then converted to mean radiance within the

bandpass using the header calibration data supplied by NASA, 1i.e.
L = Ly(A,=2) = DC (R =R 50)/255 +Ryy 0 (Ag=2y) (2.D-1)

where L is the plackpbody equivalent radiance within the bandpass incorporating

o -2 _ -
sensor response characteristics [mWem “sr l].

LA is the mean spectral radiance over the bandpass of interest

incorporating the sensor response function [chm—zsr—HJm-l].
Rmax and Rmin are the maximum and minimum scene spectral radiance values

read from the CCT header [chm—zsr_lpm_l] (i.e. they are the fundamental

calipration constants as described by Barker et al., 1985).

Al and Az are the wavelength limits of the passband as defined by Markham

and Barker 1985 [um].

28



Wavelength [pm]

| 1 | ) I 1 | 1
© <, ~

10+
8
0.0

asuodsay [eJ30adg anne|ay

Spectral Response of IR Scanner System
29

2.0-1



I33IHMWN

o.L03413a

MJ\\SWD

COE@pﬂDCCOU Jauuedg paJedjul  2-4°2

HOLOW
N).Enﬂ_v_/_d‘num

Mnoumml—m.-. HOoudl

I
.

s
i -
-
s
U]

HOoddIW
ONILYLOY

“

{1

.nimulun
Y 77777777



CRIGINAL PAGE IS
OF POOR QUALITY

2.D-3 Thermal Infrared Images a. Aerial Line Scan Image of Lake
Ontario Shoreline, b. TM Subscene of the Lake Ontario

Shareline [N.B. the aerial image has considerable geometric
distortion)

URIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH
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The radiance values at the sensor can bpe converted to apparent temperature
by reverse solution of the Planck radiaction equation. This was accompiished
on this study by piecewise linear interpolation of a lookup table consisting
of radiance and temperature values in 1K steps. The radiance values were
generated by a Simpson's rule solution of the Planck equation. Thais
conversion could also employ the method suggested by Lansing and Barker 1985
for TM4 Band 6 where:

T = Kz/[Ln(Kl/L -1)] (2.D-2)

where;

L = spectral radiance chm—zsr_lum—

67.162(aWcn 2sc"hm L] and K. = 1284.3K for TM4

2
60.776[mWem 2sr " hym™!] and K, = 1260.56K for TM5 (NASA 1984)

1

~ AN
[} []

This approach, while not used here, is in good agreemeat with the more
exact approach used over the approximately 20K range in temperature observed

in this study.

The radiance and apparent temperature values analyzed by this method could
then pe used in comparison with underflight and surface radiance values using
the methods described earlier. In particular equation 2.B-9 could be solved
for the surface radiance associacted with each point by utilizing the
transmission and path radiance values obtained from the atmospheric

propagation model.

2.D.3 Surface Truth Data Analysis

Figure 2.D-4 shows an example of the CCIW sampling station's used for the
13 Sept. 1982 Landsat 4 overpass. The surface grab sample data must pe
treated with considerable caution. Under the best of circumstances, it
represents a point reading which must be correlated with the reading from the
™ band 6 sensor which integrates over a 14,400 mZ area. Ia addition, the
grab samples are usually an integration of the first few centimeters to tens
of centimeters of water temperature. Finally, for the data available here,
the sample times may have been up to 48 hours diffecrent than the sateliite

sample time. AlL of these factors must be considered when these or any other

point sampling data are utilized. In general, we would expect the surface
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data to exhibit greater dynamic range than the temperature predicted by the
satellite. This is pecause the local area thermal extremes sensed by the grab

samples will be integrated with more moderate temperature regions by the large

foortprint of the Baund 6 sensor.

Given these considerations, we felt that surface truth data should only be

used with caution,
2.D-4 Aerial LWIR Image Analysis

Analysis of the LWIR aerial imagery involves coaversion of recorded film
density to observed radiance or apparent temperature and then use of the

theoretical approach discussed earlier.

Photographic densities were read using either macro or micro densitometers
available at RIT. All density readings were corrected to double diffuse
density values to account for slight differences in optical density for
different devices. (These differences result from different optical
geometries in the measurement device,) Figure 2,B-7 illustrates the process
of coaverting deunsity to apparent radiance. The film density is the result of
film exposure and photographic processing effects. The film exposure is
varied by applying a voltage to the glow modulator tube used in writing the
fiim. 1In flight, a set of known voltages are applied to the glow modulator
tube and density steps recorded. These steps are used to generate a
density-voltage curve which combines the top two curves in Figure 2.B-7. The
density voltage curve is interpolated in a piecewise linear fashion to compute
voltage levels., The voltage to radiance relationship is linear for any fixed
gain setting. The form of the relationship is established separactely for each

set of scanner settings used in flight. The relationship can be expressed as:
L =g V+b (2.D-3)

where;

L is the radiance reaching the sensor (wem™2

sr‘l]
g is the sensor gain L/ V established during preflight calibration for

each gain setting.

b is the radiance intercept controlled by the DC restore level of the
sensor which is referenced to the blackoody.

34



Thus, knowing the blackbody setting corresponding to a known radiance and
the gain setting, equation 2.D-3 can be solved by the point slope method.
This calibration is quite precise because the blackbody is introduced into cﬁe
optical train ahead of the first optical element so that all near field
radiation by the optics is included in the calibration process. Using the
density to voltage step table generated in flight, and the voltage to radiance
relationship derived from gain and blackbody setting, any scene density or the
corresponding signal level recorded on magnetic tape can be converted to the

radiance reaching the sensor.

During data collection, the scanner images a set of objects at several
altitudes ranging from flight altitude to near ground level (150m). As
indicated in the theoretical discussioﬁ, the radiance for each of the objects
used in this set is plotted against altitude and extrapolated to ground level
for use in the computation of atmospheric transmittance and upwelled radiance.
As seen in Figure 2.D-5, the shape of the curve used Co extrapolate to ground
radiance is not always obvious and varies considerably with radiance level.

In order to define an appropriate curve shape, the modified LOWTRAN model
described earlier and detailed in Schott 1983 was exercised to compute
radiance as a function of altitude for several surface radiance values. The

curves illustrated in Figure 2.D—6 were then slid along the radiance or

‘apparent temperature axis and evaluated for goodness of fit with each data

set. The best fitting curve for each object was located using least squares
methods and used to extrapolate to the expected surface radiance. In this way
the phenomenological form of the LOWTRAN model could be used without relying
on its absolute fidelity. We feel that this is a significant. improvement in
the profile method over the visual or straight line extrapolations previously

used.

Using this profile approach, transmission and path radiance values were
computed for each altitude of interest. Downwelled radiance was computed from
modeled parameters as described in Section 2.B.2. These values were then used
to compute surface radiance or apparent surface temperature values for

comparison with the satellite derived data.
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2.D.5 Application of the LOWIRAN Model

The LOWTRAN 5A model is described in more detail in Section 2.B., The
model used here was modirfied to incorporate the spectral response of the
sensor and the scattering correction suggested by Ben-Shalom et al. 1980. The
importance of this correction is illustrated in Figure 2.D-7 for the input
data listed in Table 2.D-2.

This figure illustrates that without this correction the upwelled radiance
at very high altitudes coatinuously decays in an unrealistic fashioun for chis
passband. This would cause the overall radiance to decay in an identical
fashion since the transmission term, and therefore the source radiance term,

are essentially constants above 7 to 15 Km.

For each data set analyzed, the 7 a.m. radiosonde data at Buffalo, NY were
used to characterize the atmosphere approximately 2 1/2 hours later sixty
miles east near Rochester, NY. 1In order to account for this difference, the
surface air temperature, dew point temperature, etc. at Rochester are used to
adjust the radiosonde values as illustrated in Figure 2.D~8., The importance
of this correction is illustrated in Figure 2.D-9 where the expected apparent
temperature as a function of altitude are shown for the corrected and
uncorrected cases., The apparent temperatures observed by the aerial line
scanner are also shown. It is clear from this example that very careful
attention must be paid to properly characterizing the atmosphere if radiation

propagation models are to pe used with any accuracy.

It is important to recognize that the mean integrated transmission
computed by the basic LOWTRAN ¢ode cannot in general be directly utilized.
Rather the effective radiance reaching the sensor, including spectral
corrections for sensor response, must pe computed for several values over the
radiance range of interest. The surface radiance incorporating the sensor
response is also computed for these same radiance values. The regression of
expected radiance at the sensor versus surface radiance yields the effective
transmission and path radiance as the slope and intercept respectively. This
approach was utilized for all the studies reported here, 1In general, the
effective values are only slightly different than the mean values because the
atmospheric transmission, sensor response and blackpody spectral radiance are

all reasonable well behaved functious of wavelength over the sensor passpand
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TABLE 2.D-2 - Input Data for LOWTRAN code
Radiosonde Input Data for 8/14/78 = 7 p.m. EDT Buffalo Airport

ALTITUDE (km) PRESSURE (mb) TEMPERATURE (°C) DEW POINT(°C)
0.218 994.6 30.0 16.1
0.984 912.0 22.9 12.7
1.313 878.0 10.0 12.7
1.591 850.0 16.9 10.9
1.763 833.0 16.7 4.6
1.929 817.0 16.5 2.8
2.452 768.0 12.8 1.4
2.618 753.0 12.6 2.3
2.923 726.0 10.4 3.5
3.050 715.0 9.3 3.2
3.226 700.0 8.4 2.1
3.526 675.0 6.3 0.3
3.809 652.0 4.0 -0.8
3.885 646.0 3.9 -2.1
4.128 627.0 5.1 -11.7
4.299 614.0 3.5 -12.1
4.512 598.0 2.4 -27.6
5.794 509.0 -6.0 -36.0
5.934 500.0 -6.0 -36.0
6.188 484 .0 -7.5 -37.5
6.350 474.0 -8.4 -38.4
7.645 400.0 -17.3 -47.3
9.296 319.0 -30.7 -60.7
9.590 306.0 -33.5 ~36.0

A value of IHAZE = ! was used corresponding to a Rural Aerosol model with 23km

visibility.,.
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as illustrated in Figure 2.D-10.

The final effective atmospheric transmission and path radiance terms
obtained in this fashion are then used to compute the radiance at the sensor.
for a given radiance or apparent temperaturz at the ground. They are also
used in reverse to predict surface radiance values from satellite observed
radiance values. Finally, they were used for comparison with the empirically

derived values obtained using the profile technique on the underflight data.
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SECTION III

Results

Drawing on the technical approach and analytical methods discussed in the
previous sections, the radiometric quality of the TM band 6 data were
evaluated. This section contains the result of that effort in terms of
residual errors in temperatures on the ground and errors in the atmospheric
propagation models. Methods of processing and display orf the thermal data in

conjunction with the reflected bands are also presented.
3.A Residual Errors

The Landsat TM band 6 data were processed to kinetic surface temperature
or apparent radiometric surface temperature using the methods discussed in the
previous sections., Kinetic temperatures were computed only for water targets
where an emissivity of 0.986 was assumed for water. The resulting values are
plotted in Figures 3.A-1 through 3.A-4 for the four dates studied. Figure
3.A-1 shows the only Landsat 4 data studied and coantains only ground truth
data from grab samples. These data are in very good agreement, however, they
cover a rather small dynamic range. In addition, the satellite data tend to
show a smaller dynamic range than the grab samples., This is consistent with
what would be expected from the integrating effect of the relatively Largé

satellite footprint.

The data from 6/22/84 plotted in Figure 3.A-2 show the underflight derived
temperacures in good agreement with the satellite derived values. Again a
discrepancy with the grab sample data is observed, although these data show a
greater dynamic range in the satellite data than the surface data. Even with
all the problems associated with grab samples, it is difficult to identify a
potential source for this phenomena other than the time difference between
sampling and satellite overpass.. In general, we believe that the variety of
errors associated with the avaiiable grab sample data make it unsuitable for
accurate calibration. In light of this, the remaining analysis concentrated
on the underflight surface temperatures. The 6/22/84 data show an RMS error
between the satellite predicted values and the aerially derived temperatures
of 2.82K over a range of approximately 25K for 20 points. The raw data for
these computations on each date are contained in Appendix C. The data are in

generally good agreement with only a few points at the nigh extreme of the
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data set exhipiting significant errors. The average value of the differences
between the two sets of predicted values is +0.97K indicating a bias in the
data with the satellite predicted values slightly.higner than aircraft derived
values. In order to evaluate the relationship between the aerial and
satellite predicted values, a linear regression analysis was performed on the
data set, The slope, intercept and R2 value for the data set were 1.101, =29
and 0.92 respectively. If for the moment one assumes no error in the aircratt
data, then the interpretation of these parameters would proceed as follows.
The slope greater than unity indicates that either the estimate of atmospherié
transmission is slightly low or that the gain on the satellite was higher than
it was believed to bpe. The bias toward high satellite predictioans could
result from underestimating the magnitude of the upwelled radiance or from a
correspoanding high bias in the satellite internal calibrator. We will discuss

the likelyhood of these types of errors occurring in the next section,

Table 3.A-]1 contains a listing of these same types of parameters for all
the dates studied, including combinations of the dates for the Landsat 5
aircraft profile results., These combined data are plotted in Figure 3.A-5.
Note that the 10/6/84 data are comprised of only two points. These data were
generaﬁed.from an aircraft flight the day prior to the satellite overpass and
represent the measured apparent surface temperature for a large uniform region
near shore and a second region well offshore. Because of the time difference
between the two collections, these data were not considered heavily in
subsequent analysis. However, because of the high thermal inertia of water
and the large volumes involved, we would not expect significant changes in
large area temperatures over short time spans and have not, therefore,

completely rejected this data set

In reviewing Table 3.A-l, we note that the profile data sets exhibit the
following general characteristics. The slope of the regression equations varies
slightly about one with the combined results yielding a slope of one. This tends
to indicate that the gain and atmospheric transmission errors are either properly
accounted for or effectively offsetting each other. The bias errors for these
same data sets indicate that the predicted satellite values are comsistently
slightly high. This indicates a slight bias in the internal calibrator or a
tendency for the atmospheric propagation models to underestimate the upwelled
radiance term. In the next section we will more thoroughly evaluate these

possibilities based on an evaluation of the empirically measured and modeled
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atmospheric propagation parameters (tand Lu).
3.B Evaluation of Atmospheric Propagation Models

In order to properly analyze TM band 6 data in terms of surface temperature,
it is critical that we identify or develop a reliable atmospheric propagation
model, The errors described in the previous section may be attributable either to
satellite internal radiometric calibration or errors in the propagation model
(again assuming for the moment no error in the temperatures predicted by the
profile method). To assist in evaluation of this question, the modeled
atmospheric parameters were empirically determined by the profile method. Recall
that the sensor is operating over the 8-14 um band and the atmosphere modeled is
slightly different than for the satellite data. However, since the satellite
window is included in the region measured by the aircraft, we believe the trends

in the model should be similar over both windows.

Table 3.B-1 contains the results of this analysis for varying altitudes on
selected dates, These data are obviously altitude and atmosphere dependent but
tend to indicate that the LOWTRAN derived atmospheric transmission values are in
general somewhat optimistic in this passband. Consistent with this the LOWTRAN
derived path radiance values are slightly lower than the empirically derived
values. This assumes that the profile derived values are correct., These data,
while not in the specific passband of the thematic mapper, tend to indicate that
the radiance range reaching the sensor should be slightly smaller than the LOWTRAN
model predicts. These potential errors in the atmospheric propagation models
would tend to explain the bias error discussed in the previous section, The
corresponding transmission errors would have to be approximately offset by system
gain errors to yield the results in Table 3.A-1. This concern is further
reinforced by independent results observed by Lathrop and Lillesand, 1986. They
indicate that the apparent temperature at the sensor is nearly identical with the
surface temperatures collected in conjunction with the satellite overpass. These
results linked with those of Malaret et al., 1985 and Wukelic et al., 1985, tend
to support the concern that the system gain may be slightly higher than the
internal caliibrator indicates. Based on earlier results Schott and Volchok, 1985
had suggested that the sensor gain might be significantly in error. More thorough
analysis of the underflight data, coupled with additional data sets, iandicate that
any gain errors are smaller than previously expected. Based on the nearly perfect

slope value (i.e. siope of one) reported in Table 3.A-1 tor the compined
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Date
6/22/84
10/6/84
10/6/84
5/24/85
6/25/83
6/25/83
6/25/83
6/25/83

Mean

4

Table 30B-1

Comparison of profile and LOWTRAN derived transmission values

Altitude

15K

20K

15K

10K

0.33K*

0.66K*

1.33K*

2 .OK*

*From Byrnes 1985

Transmission
from LOWTRAN
Incorporating

Spectral Response

0.714

0.814

0.85

0.765

0.805

0.859

0.801

0.772
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Transmission
from Profile
Technique
0.697
0.673
0.801
0.630
0.876
0.813
0.762

0.746

Ratio of
LOWTRAN/Profile

1.024
1.210
1.061
1.214
1.033
1.057
1.051
1.035

1.086



underflight data sets; the only source of gain error would be compensating error
for the slightly over estimated atmospheric transmission expected from the LOWTRAN

modal.

3.C Overall Error Analysis

Because of the limited data base and the fact that the available data
indicating errors in the atmospheric propagation model are for the 8-14 m
spectral window, it is difficult to specify a magnitude for the expected error
in atmospheric transmission. Based on the empirical data utilized on this study
alone, no correction for system gain would be warranted. However, the results
reported by others and the potential errors in the atmospheric propagation models
tends to indicate that if the models are over estimating atmospheric transmission
by 8% then the system gain is high by approximately the same amount. The limiced
data base will not permit a more exact estimate and there is no reason at all to
believe that these errors are exactly compeusating. Therefore, based on the data
collected as part of this effort, the best estimate would be obtained by
correcting the satellite data as described here and assuming that the modified
LOWTRAN code described above is nearly correct over the TM band 6 spectral
bandpass. This conclusion is supported by the data reported in Appendix C where
transmission was computed by regression of surface radiance derived from the
profile temperature estimates with satellite radiances for the 6/22/84 and 5/24/85
data sets. The transmission differences between these two approaches are of the

order of 8% but no consistent pattern is demonstrated.

In order to attribute an error to this approach, we consider the combined data
set of Table 3.A~1 for the three dates on which good underflight data were
available. For this data set the RMS error is only slightly greater than for the
residual error for the regression analysis. Since the residual ercvor in the
regression analysis represents the arror after a best case solution, it should
represent a good estimate of the sampling error. This represents the combined
errors due to random error in the estimation of termperature by the aerial and
satellite technique and error in identifying the exact corresponding points in the
two images. Since the arror in the underflight measurements has been
characterized at 0.4K and the sensor random error is approximately 0.5 due largely

to quantization noise, the sampling misregistration error can be expressed as
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2 2 2)1/2

= g . -0 -3 .C-
samp ( resid gt sat (3.C-1)
Where;oéamp is the error due to misregistration of aerial and satellite data.
9 resid is the residual error from the regression analysis (2.86K for the

compined data set.

%e is the error in the ground truth data (0.5K).

o

Oéac is the estimated random error in the satellite data (0.4K).

This yields an error due to sampling of 2.79K. This means that nearly all the

error is due to location of common points.

If we then look at the RMS error, it can be expressed as

2,1/2
= .C-
9 RMS (Oéamp cal ) ¢ 2)
or
2 2,1/2
= -0 s
(ial (ORMS samp ) (3.6-3)
where; ¢ is the error in the radiometric calibration and atmospheric propagation

cal
models. For the combined profile data of Table 3.A-1 it takes on a value of

0.75K. The combined system error can be expressed as

_ 2 2,1/2 _
Osys ~ ((%al * Osac ) (3.C-4)

Osys is the expected error in temperature associated with the combined sensor
and calibration procedure errors. 1Its value based on the combined profile data
set is 0.90K for one standard deviation, This can be interpreted to mean that if
the procedures described here are used to predict temperature, 95% of the points
should fall within 1.80K of the predicted value assuming no registration error
and ramdomly distributed errors. This value should be reproducible if very large
uniform surfaces were observed and if the aircraft sample site was well defined in
the satellite image. This would be the case for images of the thermal bar such as

seen in Figure 2.C-2. 1In this study only one underflight was availaple from this

period, requiring the use of less desirable points for comparison.
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3.D Mulci-Resolution Data Fusion: Application to image analysis

The discussion to this point has concentrated on analysis of data with the same
emissivity. Measurement of earth surface temperatures of diverse scene requires a
method for dealing with varying emissivities. The governing equations and
calibration approaches discussed in the previous section will readily permit
temperature measurement if the emissivity is known., For a given material type an
emissivity value can be assigned from a lookup tabie (N.B. much work remains to be
done on the emissivity of natural surfaces). The limiting factor in this approach
is associating a material type with each radiance value in a TM band 6 image.

This limit is overcome by using the registered reflective channels of the TM to
generate a land cover classification. This can either use a simple segmentation
approach or a sophisticated discriminant analysis depending on the user's needs.
Once classified, an emissivity can be assigned to each material class. These
emissivities can then be used in the computation of surface temperatures. This
process is detailed in Appendix D. Essentially the radiance values are acquired
from the TM 6 data, the emissivities from the land cover data (from the reflective
pands) and the atmospheric propagacion data from the models described earlier.
This means that the blackbody equivalent surface radiance or its associated
temperature can be computed for each pixel at the resolution of the reflected
channels. (This assumes the mean radiance sampled by the TM 6 band was equally
made up from each subpixel corresponding to the reflective channels.) This
results in a temperature or blackbody equivalent surface radiance map which
appears to have higher resolution than the original LWIR imagery (c.f. Appendix
D). This is visually more attractive. However, the quantitative accuracy for
mixed thermal pixels is quite limited and only regions large enough to have
uncontaminated thermal pixels should be treated quantitatively. The results of

this approach are illustrated in Figures 2 through 5 in Appendix D.
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SECTION 1V

Conclusions and Recommendations

This study has demonstrated that consistent reliable surface temperature data
can be obtained from the TM band 6 sensor using underflight calibration methods.
It has further demonstrated that the expected error (1 std deviation) in surface
temperature measurement using radiometric propagation models is of the order of
1.9K, assuming no emissivity error and no sample point location error, Finally a
method of display of earth thermal features has been demonstrated that takes
advantage of the registered shortwave images, the radiometric calibration

procedures and the calibrated LWIR images.

There is some residual concern that the internal gain in the sensor may be
slightly higher than the assigned value. However, the effect of this error on
most scenes will be small as the results cited above indicate. We would, however,
recommend a more detailed test involving calibrated radiometric underflights of
the sensor with a sensor system spectrally matched to the satellite system. This
would eliminate residual concerns of whether the error is in the propagation
models or in the satellite sensor. We would also recommend ongoing research aimed
at development of calibrated imagery. This would involve counsideration of
emissivity measurement of naturai surfaces and methods of quantitatively merging

multiresolution shortwave and longwave data sets.

Finally, an overall conclusion is that the radiometric quality and spatial
resolution of the Landsat TM make it an extremely powerfull and useful tool for
assessment of the temperature of earth surface features. However, the user must
take care to recognize the various corrections necessary in quantitative analysis
of LWIR imagery. In particular, spectral pandpas$ and atmospheric propagation
corrections must be well understood and properly applied to achieve acceptable

temperature errors.
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Temperature Measurement of
Cooling Water Discharged
from Power Plants

A technique for calibrating a thermal infrared scanner was

successfully tested.
INTRODUCTION AND SUMMARY

HE GROWING NUMBER and size of power
facilities has stimulated the interest of
scientists, legislators, and the public in the
effects such stations have on aquatic en-
vironments. The impact of thermal dis-

cooling water discharged into a water body,
the temperature value and spatial extent of
the thermal plume are the parameters of
interest. These thermal plumes can, in some
instances, extend more than a mile from the
discharge point and include temperature in-
creases in excess of 15°F.

ABSTRACT: In an effort to resolve technical, operational, and cost
problems associated with the existing approaches for measurement
of water surface temperature, a program was initiated to develop
and test a wholly airborne calibration of a thermal scanner system
as an alternative. This technique involved development of a model
relating the signal at the sensor to the surface temperature and the
atmospheric effects contributing to the signal at the sensor.
Procedures were developed for collection and analysis of the ther-
mal imagery such that the terms in this model could be calculated.

Once these terms, including atmospheric transmission, sky radi- -

ation, and reflectance of the water, have been determined, the water
surface temperature can be calculated. In an effort to evaluate this
technique, a series of “blindfold” tests were made. In these tests, an
airplane flew over a boat located at different positions in the water
at different times and on different days. The aircraft values were
then compared to the boat values, which had been withheld until
the aerial determinations were made. Results of this test indicate
that, on the average, the aerial measurements fell within 0.70°F of
the boat temperatures (standard deviation *0.59°F for 63 points).
On the basis of these results, this wholly airborne approach, called
the “angular calibration technique,” is considered operational for

airborne measurement of water surface temperatures.

charges on aquatic ecology and the effects
on aguatic organisms that are drawn through
cooling systems are of particular concern. In
order to ensure proper protection and man-
agement of the environment as well as con-
tinued generation of required power, pro-
cedures must be developed to accurately
assess environmental effects in a timely and
cost-effective manner. In monitoring the

Airborne thermal infrared imaging sys-
tems have been used to study some of these
problems.!”®* These systems generate an
image (similar to a photograph) of the heat
energy radiated by water surfaces. For
example, the brighter the water appears on
the image, the higher the temperature of the
water is. The advantage of this approach is
that the thermal scanner can image the entire

PHOTOGRAMMETRIC ENGINEERING AND REMOTE SENSING,

Vol. 45, No. 6, June 1979, pp. 753-761. 63
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surface area of a discharge plume in min-
utes. In this manner, all the internal detail
as well as the shape and spatial extent can
be easily determined. The disadvantage of
this approach is that a boat is required to
provide data needed to convert brightness
levels on the image to temperature values.

In an effort to resolve technical, opera-
tional, and cost problems associated with the
existing approaches, a program was initiated
to develop and test wholly airborne calibra-
tion of a thermal scanner system so that pre-
cise thermal maps could be generated with-
out requiring data from boats. This technique
involved development of a model relating
the signal at the sensor to the surface tem-
perature and the atmospheric eftects con-
tributing to the signal at the sensor.

Procedures were developed for collection
and analvsis of the thermal imagery such
that the terms in this model could be cal-
culated. Data collection procedures in-
cluded flving the aircraft at ditterent alti-
tudes over the same point in the water and
flving parallel flight lines so that data from
points in the water could be viewed at dif-
terent look angles. These procedures add a
minimal amount of time to data collection
and provide sufficient data so that an analy-
sis of the terms relating water temperature
to the signal actually reaching the sensor can
be calculated. Once these terms, including
atmospheric transmission, skyv radiation, and
reflectance of the water, have been deter-
mined, the water surface temperature can be
calculated.

In an effort to evaluate this technique, a
series of “blindfold” tests was made.* In
these tests an airplane flew over a boat lo-
cated at different positions in the water at
different times and on ditterent davs. The
aircraft values were then compared to the
boat values, which had been withheld until
the aerial determinations were made.” Re-
sults of this test indicate that, on the average,
the aerial measurements fell within 0.70°F
of the boat temperatures (standard deviation
=0.39°F for 63 points). On the basis of these
results, this wholly airborne approach,
called the “angular calibration technique,”
is considered operational for airborne mea-
surement of water surface temperatures.

This paper discusses the airborne calibra-
tion technique and the experimental test
program. For the sake of brevity, the details
of the airborne collection system are omitted
and the assumption is made that the radiant
energy reaching an airborne sensor can be
converted to an apparent blackbody temper-
ature equivalent.

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1979

THEORETICAL APPROACH

Thermal scanners generally detect radi-
ation in the 8-14 um bandpass. This section
will discuss how the radiant energy detected
by a sensor at aircraft altitudes (~600 m) is
not only a function of temperature but is also
functionally dependent on atmospheric and
background terms. In addition, the types of
measurements required to calculate the
values of these additional terms will be
defined.

All matter at temperatures above absolute
zero radiates electromagnetic energy. The
relation between blackbody radiant emit-
tance, W, and temperature, T', in °K is ex-
pressed by the Stefan-Boltzmann equation

W =oT?, (H

where o is the Stefan-Boltzman constant.

The general equation for a blackbody radi-
ator is given by the Planck distribution
equation,

W, = 2mctha= (eh/MT—1)7' (2)

where W, is the radiant emittance per unit
wavelength interval,

¢ is the speed of light,

I is Planck’s constant,

k is Boltzmann’'s constant,
T is temperature, and

A is wavelength.

This equation, derived from quantum phy-
sics, is a function of the quantum radiation
states within a blackbody cavity.

The Stefan-Boltzmann equation is ob-
tained by integrating the Planck equation
over all wavelengths,

The problem in using these equations is
tinding the dependence of W on temperature
over a defined bandpass. The Stefan-Boltz-
mann equation indicates that radiant emit-
tance integrated over all wavelengths varies
as T e,

x
f W,dA\ =W =0T (3)
o

To find the functional dependence on
temperature in a finite bandpass, it is neces-
sary to use a series expansion solution to the
normalized integral of radiant emittance.
This vields the fraction of energy less than
a given wavelength, D, given by

k -
W, dA

W, di
64
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These D values are tabulated in standard
blackbody tables for ranges of T, A, or AT
combinations.® By finding the difference in
D for two wavelengths, a relation can be
developed between temperature and radiant
emittance in a bandpass expressed as a frac-
tion of the total radiant emittance.

If D is the fraction of the total energy
emitted by a blackbody between the wave-
length 0 and A, then D, — D, is the fraction
of emitted energy between A, and \,. Since
aT* is the total energy for a given tempera-
ture, then W = (D, — D,) oT4 is the radiant
energy emitted for a given bandpass. Values
of Wand T over the range of interest can be
stored in data files on a computer. T can be
caleulated from the stored W values.

We can therefore express the radiant
energy from a blackbody over the 8-14 um
bandpass (Wy,) as

14
W =W, = f 2 T hA™ (eh/MT —)=1 d\.

(5)

This expression, however, is only true for a
blackbody. A blackbody is a perfect radiator
and absorber; therefore, all the incident
energy is absorbed and reradiated. In prac-
tice, the bodies we will be concerned with
will be gray bodies, which are not perfect
absorbers or radiators in the 8-14 wm band-
pass and thus have emissivities less than
unity.

Emissivity (e) is the ratio of energy radi-
ated from a source to energy radiated from a
blackbody at the same temperature. Thus,
for a gray body,

W = € ‘VT' (6)

In order to interpret the radiant energy
reaching a point at any distance from the
source, one must consider atmospheric or
path effects; of prime concern is atmo-
spheric transmission over the path lengths of
interest. The atmospheric transmission win-
dow between 8 and 14 um is the most useful
tor earth observation work for a number of
reasons. It encompasses the radiant energy
peak of 9.5 um for objects near earth am-
bient temperature of 300°K. The transmis-
sion is quite high over the entire window,
and the window is spectrally very broad,
permitting integration over a sizable fraction
of the total energy radiated.

Primary attenuation in the lower atmo-
sphere is due to absorption by H,O vapor,
CQ,, and OH. These molecules absorb the
radiation and reradiate it as a function of

65

temperature, thereby introducing two noise
terms into the system.

These terms can be included in the ex-
pression we have defined as follows:

W = reW, + W, (7)

where 7 is the atmospheric transmission and
W, is the apparent radiant emittance from
the air column between the source and sen-
sor, as well as energy scattered into the sen-
sor. It is important to keep in mind that W,
and 7 vary as a function of atmospheric con-
ditions on a given day and also within the air
column because of layering effects in the
atmosphere.

In addition to the radiant energy from the
source itselt, a certain amount of energy will
be reflected from the ground. This energy
comes from both the sun and the sky. Solar
reflection effects can be avoided by proper
orientation of flight lines. Skylight reflec-
tion effects can be expressed as W, 7R and
included in Equation 7, vielding

W = reW; + W, + W, R (8)

where W, is the radiant energy from the sky
incident on the surface observed, and can be
associated with an equivalent sky tempera-
ture, T,. R is the surface reflectance of the
water.

Skylight irradiance comes from scattered
solar radiation, radiation emitted from com-
ponents of the atmosphere (especially the
ozone layer and H,O vapor), and energy
trom the Earth reflected by the atmosphere.
All these effects combine to give the sky an
apparent radiometric temperature as viewed
from the ground. For our purposes, this is
the blackbody temperature equivalent, T,,
associated with the amount of energy inci-
dent on the source over the bandpass of
interest. T, can vary considerably with sky
conditions from about 300°K for heavy over-
cast to well below 250°K for clear sky con-
ditions.

In evaluating the range of values for the
reflectance terms, we recognize that reflec-
tion is dependent on look angle. In addition,
we have mentioned that W, and 7 are depen-
dent on the length and composition of the
atmospheric path between the source and
observation point. To recognize this depen-
dence in Equation 8, the functional depen-
dence on 8 and h will be added to designate
angular and height dependence, respec-
tively,

where h is the height of sensor
above terrain,

6 is look angle measured

from the vertical, and
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W(h, 6) = r(h,0) «(8) Wy + W, (h,0)
+ r(h,8) W, R(6). (9)

Limiting our discussion for the moment to
vertical viewing, (8 = 0), results in

Wh) = r(h)e W + #(h) W, R + W {h).

(10)

Letting W(0) be the energy from the
ground as it would be measured vertically
at zero altitude, Equation 10 reduces to

Wh) = w(h) W) + W, (h) (11)
where W(0) = eW, + W,R. (12)

If W(h) and W(0) are known for a set of
observed values, then, by least-squares
analvsis of Equation 11, 7(h) and W (h) can
be calculated. W(h) and W(0) represent the
radiant energy observed by the sensor at
flight altitude and ground level, respec-
tively. In practice, the ground level measure
is obtained by extrapolating a plot of alti-
tude-versus-temperature to zero altitude
using data collected over the same point at a
series of altitudes, where radiant energy is
converted to apparent blackbody tempera-
ture.

If we once again consider the angular
viewing effects, Equation 11 becomes

W(h,8) = r(h,0) W(0,0) + W (h,6) (13)

where

W(0,8) = €(6) W, + W, R(8), (14)
_rh,8) = ( 0) exp (l/cos 8), and (15)
W, (h,8) =W (h, O)/cos 6. (16)

These equations result from the increase
in absorption with path length (Equation 13)
and the increase in atmospheric radiation
with path length (Equation 16). Since the
path length increases as l/cos 8 for slant
viewing and the eftects on atmospheric
emissions should be very nearly linear for
small increases in path length through a
given medium, Equation 16 is derived. Note
that this assumption of linearity is only valid
for increase due to slant viewing through a
known atmosphere and is not necessarily
valid for an overall increase in path length.

If observations were made at the same
altitude of a given point through two dif-
ferent look angles, one of which may be
taken as vertical for convenience, then
Equations 10, 13, and 14 may be combined
to vield

W(h, 0) =m W(h, 6) ~ mr(h, ) W, R(6)
-mW,(h,9)
+ 7(h, 0) W,R(0) + W ,(h, 0) (17)
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€(0) 7(h, 0)
e(@)7(h,6)

Recognizing this as a straight line in the
form,

where m =

(18)

W(h, 0) = mW(h, 8) + I (19)
and solving for W, in terms of m and I yields

_ I+ mW,(h,8) — W,(h, 0) .
* " 2(h, 0) R(0) — mr(h,0) R(6)

Least-squares analysis of Equation 19,
with input data consisting of apparent tem-
peratures (converted to radiant energy)
measured along a line viewed vertically and
then at a slant angle, will vield from Equa-
tion 20 a measure of apparent sky temper-
ature as viewed from the ground.

We have assumed that the apparent tem-
perature of the sky is a constant with respect
to angle of observation. In general, this is
not the case; rather, the zenith sky appears
colder than the sky near the horizon because
the atmosphere viewed vertically has fewer
radiators. Because of the variability of sky
conditions, a functional relationship be-
tween sky temperature and view angle is not
readily defined nor are the errors introduced
by the assumption of a constant sky easily
evaluated. In order to minimize potential
errors in measured sky temperature, the
analysis discussed above can be conducted
for a number of look angle combinations,
and a simple relationship between T, and 8
can be developed.

Another solution would involve use of a
vertical-viewing, upward-looking radiom-
eter on board the aircratt. Measurement of
vertical sky temperature at a number of alti-
tudes and extrapolation to the apparent
temperature of the nadir sky as viewed from
the ground would eliminate one unknown
in Equation 17. The equation could then be
solved for the sky temperature at look angle
@ (i.e., T, associated with R(0) would be
known and T, associated with R(8) would be
unknown),

Rewriting Equation 9 as

Wz = [W(h,6) — (h,0) W, R(6)

(20)

-W, (h,0))e(8) 7(h,0), 20
we find
Wi(h,6) is a measured value;
W, (h,8) is obtained from Equa-
tion 16 and least-squares
analysis of Equation 11;
r(h,0) is obtained from Equa-

tion 15 and least-squares
analysis of Equation 11;
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W, is obtained from Equa-
tion 20; and

R(8) and €(8) are tabulated values for
water.

It should therefore be possible to measure
the absolute value of surface waters based
on the theories developed thus far. The next
section contains procedural approaches for
collection of necessary input data to solve
for the values in Equation 21.

ExperIMENTAL DESIGN

Our concern at this point is in defining
procedures for collecting sufficient input
data to permit the use of the theoretical pro-
cedures under discussion. Again, we will
neglect, for simplicity, signal processing
through the sensor and assume that apparent
blackbody radiometric temperature can be
measured at the sensor location by convert-
ing radiant energy to equivalent blackbody
temperature.

As shown in Equation 11, the input data
necessary to calculate the transmission term
7(h) and the additive target-independent
energy from the atmosphere W,(h) consist of
Tz(h) and Tx(0) corresponding to W(h) and
W(0). Tg(h) is simply the apparent blackbody
temperature measured at altitude h with
look angle 8 = 0. T5(0) is the apparent tem-
perature measured at the surface of the
water. This value cannot be measured di-
rectly but is obtained by a profile technique
which involves a simple extrapolation pro-
cess for data collected at a series of altitudes
to a zero altitude case obtained by consecu-
tive flights over the same target.” A target
consists of an area of uniform temperature
either large enough to be directly below the
aircraft during the profile or within about
10° trom the nadir and distinct enough to be
identifiable on the profile images. At angles
much larger than 10° the assumption of ver-
tical viewing during the profile no longer
holds.

The minimum data input required for
Equation 11 is T(h) and a corresponding
T5(0) for at least two points at differing tem-
perature. Ideally, these data consist of a set
of approximately five data points covering as
wide a temperature range as possible.
Figure 1 indicates how Tg(h) and T3(0) could
be obtained for a number of different tem-
peratures.

The input data necessary to calculate Wi,
the sky radiance term, comes from the solu-
tion of Equation 19, requiring Tz(h, 0) and
Tg(h,8) as inputs. These values are the ap-
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parent temperature observed at the same
point through two look angles where one
look angle is chosen as zero degrees for con-
venience. (Note also that Equation 11 can be
solved directly for Wy, i.e., a one point solu-
tion is available). The minimum data re-
quired to solve Equation 19 consist of two
data sets composed of Tz(h,0) and Ty(h,0)
for two distinct points. In general, a number
of points with a large range in temperature
should be used to solve for m and I in
Equation 19. This data set can be collected
by flying two parallel flight lines and allow-
ing for some sidelap. This procedure is often
used to obtain complete target coverage and
would add little or no time to most collec-
tion efforts. Figure 2 illustrates how these
data could be obtained.

A ground-truth program was used to eval-
uate these radiometric calibration tech-
niques. This, effort involved aerial over-
flights of a boat anchored at a series of
positions in the Hudson River, both within
and beyond the thermal plumes of various
power plants.

With the boat anchored at a given posi-
tion, readings were made on the upstream
(downstream if flow was upstream in the
estuary) side of the boat. Measurements con-
sisted of temperatures recorded from a sub-
merged thermistor (nominally at a depth of 6
in.) and from a Barnes PRT-5 radiometer.
During each fly-over, approximately ten
readings were recorded and averaged to pre-
dict the temperature at a point. To insure
unbiased data, all surface measurements
were made by independent consultants and
surface data were withheld until aerial re-
sults had been delivered to the New York
State Energy Research and Development
Authority (NYserDA). The surface radiometer
was calibrated in the field under prevailing
atmospheric conditions to ensure that all
measurements were absolute surface tem-
perature measurements.

The main survey took place on September
24, 1976 with the boat anchoring at eight
positions throughout the day. The aircraft
flew over each position four times, per-
mitting 32 data-comparison points for the
total survey. Because the boat was covered
with aluminum foil, it had a low emissivity
and could be located as a “cold™ spot on the
image. Surface temperatures were predicted
using the calibration technique discussed
above. Data were also collected at eight
positions for five overflights on both July 8
and 9, 1976. However, the July 8 data could
not be used because of calibration problems
with the surface instrument.
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Fic. 1. Thermal images obtained during a profile. Are
temperature readings could be made are indicated.

68

s of equal temperature where apparent
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g

Fic. 2. Example of parallel flight lines over a
power station showing the change in look angle
for a given ground point.

REsuLTs

Table 1 presents the results of the data
correlation for September 24. The mean and
standard deviations of the absolute value of
the difference between the aerial and sur-
face data are presented. Radiometric surface
data were used because they are a more
accurate measure of the actual surface tem-
peratures than is the submerged thermistor.

Comparison of submerged (6 in.) thermistor
data and aerial data showed a mean dif-
ference of 0.51°F with a standard deviation
of £0.46°F. Also included is a correlation of
radiometric temperatures, to which no at-
mospheric correlations have been applied,
with the surface data. Table 2 contains the
results of the July 9 survey.

When the July and September data are
combined, a mean error of 0.70°F is obtained
with a standard deviation of +0.59°F (Angu-
lar Technique). This compares with a mean
error of 3.23°F with a standard deviation of
=1.25°F if only internal system calibration is
used. Figure 3 illustrates the precision of the
calibration technique and the limitations of
using only internal scanner calibration. The
figure shows the surface radiometer data
plotted against the calibrated (*) and un-
calibrated () scanner data. The data, which
have been corrected for atmospheric and
background effects, show a very close fit
within the 1°F error bars. The data using
only the internal scanner calibration show
sizable errors and are generally less than the
actual temperature. Note that this is gen-
erally the case but that a temperature higher
than the true surface temperature can be
detected by airborne systems under certain
atmospheric and background conditions.

One shortcoming to the angular technique
is a requirement for extra data to permit
calibration and some additional data pro-
cessing. Neither the time nor the cost is
appreciable; however, the data must be
properly collected. Some improvements in
accuracy could be expected if data collection
were modified to facilitate analysis using the
angular technique. Major improvements can-
not be expected because temperatures pre-
dicted from the air approach the accuracies
obtainable by surface measurements.

ConcLusioNs AND RECOMMENDATIONS

The data correlation results presented in
the previous section indicate that a major
advance in airborne radiometric measure-
ment of water surface temperatures has been
achieved.* Measurement accuracies essen-

TaBLE 1. COMPARISON OF SURFACE AND AERIAL DATA FOR 24 SEPTEMBER 1976 (°F)

Surface Radiometer

and Uncorrected Airborne

Surface Radiometer

Scanner and Angular Technique
Mean of the absolute value
of the temperature difference
between boat and aircraft. 4.19 0.55
Standard deviation of AT +=1.22 +0.57

AO
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TasLe 2. COMPARISON OF SURFACE aND AERIAL DaTa roR JuLy 9, 1976 (°F)

Surface Radiometer

and Uncorrected Airborne

Surface Radiometer

Scanner and Angular Technique
\Mean of the absolute value
of the temperature difference
between boat and aircraft 2.66 . 0.80
Standard deviation of AT =1.27 =0.57

tially as good as surface measurements are
demonstrated.

The data collection procedures involve
only minor variations in standard collection
practices requiring approximately 13 addi-
tional minutes of flight time. All data pro-
cessing can be done on a desk-top computer.

The net result of these conclusions is that
a fully airborne approach to measure water
surface temperatures, with accuracies com-
parable to those obtained from surface mea-
surements, is an operational possibility. In
addition, these results were obtained
through use of an outside consultant for
acquisition of ground-truth data, thus pre-
cluding any bias.

We recommend that future efforts in this
area be directed at techniques to generate
thermal maps with appropriate corrections
at angles away from vertical. The corrections
developed using the angular calibration
techniques are quite accurate and should be

applied in map generation. Current
mapping techniques do not apply a cor-
rection for variations in apparent temper-
ature at non-vertical look angles; develop-
ment of these corrective procedures in the
map-generation process would allow the full
accuracies developed in the angular calibra-
tion technique to be carried through to a
final map product. In addition, data col-
lected specifically for analysis using this
technique should eliminate the need for
iterative solutions and should further im-
prove calibration accuracies. While major
improvements in water temperature mea-
surements could not be expected because
the current results already so closely
approach surface measurements, improve-
ments applicable to such problems as a
quantitative measurement of heat loss from
buildings could be expected. In fact, a major
advantage of this technique is that it in-
cludes consideration of sufficient variables

IGULAR CALIBRATION TECHNIQUE™ ¢

TEMPERATURE MEASURED USING THE

“AN

G OO Gt SO PR SR

SING THE

3

" TEMPERATURE MEASURED U

THERMAL SCANNER CALIBRATION BUT
... WITHOUT ATMOSPHERIC CORRECTION °f

85,65 TEMPERATURE MEASURED AT THE SURFACE °F

TEMPERATURE MEASURED AT THE SURFACE °F

Fig. 3. Comparison of surface and aerial temperature measurements (the lines represent a 1°F

error envelope).
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to allow surface temperature measurement

of any uniform flat surface whose emissitiv-
ity is known,
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May 24,

Time

1049
1057
1059
1103
1106
1112
1120
1127
1140
1146
1202

1985

Gain

54

140

RUSSELL POWER PLANT

DC BB
8-14 m
55 9-432

Thermal Bar in

Tape Jammed
55 Narrow Filter

Signal/Noise is bad

Terminate Narrowband Data

73

[

—~ O WL S WN -

Alt

1,000

500

100

2,500
2,500 offset

5,000

10,000
10,000 offset

15,000
15,000 offset

15,000



NASA
6 October '84

Target: Ginna Station
Take-0ff: 0850

Land: 1145
Time DC Gain MK Remarks
Wedge 0 ~ 6.0
9:09 55 68 1 500" 8 - 14
Tape broke and replaced.
9:21 2 500’
9:23 100"
3 1,000
9:29 4 1,000' offset
9:137 5 5,000'
9:41 6 5,000' offset 2°C
9:51 7 10,000°'
9:56 8 10,000' offset 0°C
10:08 9 15,000
10:15 10 15,000' offset
Tape may not be recording on Track 3.
Switch to Track 1.
10:28 11 20,000' -19°C
10:34 12 20,000"' offset Tape Rev
10:44 55 180 13 20,000 10 - 12
160 14 15,000
11:04 15 10,000°
11:17 16 5,000'
11:26 17 1,000'
11:30 18 500"
Wedge
JOHN10
TG/cs
74



NASA
22 June '84
Target: Russel Station
Take-Off: 0845
Gain bC BB Mk Alt. Temp Time
8s 55 9-230 1 100 60° 9:02
2 500 60o 9:06
3 1,000 60
4 1,000 off 9:17
5 5,000 48° 9:24
6 5,000 off
7 10,000 35° 9:38
8 10,000 off
9 15,000 25° 9:50
10 15,000 off
Signal loss at end of 1,500 offset.
Wedge at both ends.
TG/cs
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